Mississippi State University

Scholars Junction
Theses and Dissertations

Theses and Dissertations

8-12-2016

Maintaining Soil Physical Property Integrity in Turfgrass
Management Systems
Jordan Michael Craft

Follow this and additional works at: https://scholarsjunction.msstate.edu/td

Recommended Citation
Craft, Jordan Michael, "Maintaining Soil Physical Property Integrity in Turfgrass Management Systems"
(2016). Theses and Dissertations. 2991.
https://scholarsjunction.msstate.edu/td/2991

This Graduate Thesis - Open Access is brought to you for free and open access by the Theses and Dissertations at
Scholars Junction. It has been accepted for inclusion in Theses and Dissertations by an authorized administrator of
Scholars Junction. For more information, please contact scholcomm@msstate.libanswers.com.

Automated Template B: Created by James Nail 2011V2.1

Maintaining soil physical property integrity in turfgrass management systems

By
Jordan Michael Craft

A Thesis
Submitted to the Faculty of
Mississippi State University
in Partial Fulfillment of the Requirements
for the Degree of Master of Science
in Agriculture
in the Department of Plant Soil Sciences
Mississippi State, Mississippi
August 2016

Copyright by
Jordan Michael Craft
2016

Maintaining soil physical property integrity in turfgrass management systems
By
Jordan Michael Craft
Approved:
____________________________________
Christian Baldwin
(Major Professor)
____________________________________
James D. McCurdy
(Committee Member)
____________________________________
Barry R. Stewart
(Committee Member)
____________________________________
Maria Tomaso-Peterson
(Committee Member)
____________________________________
Michael S. Cox
(Graduate Coordinator)
____________________________________
J. Mike Phillips
(Department Head)
___________________________________
George M. Hopper
(Dean)
College of Agriculture and Life Sciences

Name: Jordan Michael Craft
Date of Degree: August 12, 2016
Institution: Mississippi State University
Major Field: Agriculture
Major Professor: Christian Baldwin
Title of Study:

Maintaining soil physical property integrity in turfgrass management
systems

Pages in Study: 102
Candidate for Degree of Master of Science
Traditional aerification programs can cause substantial damage to the playing surface
resulting in prolonged recovery. A growing trend in the industry involves using aerification
techniques that cause minimum surface disruption; however, despite growing interest in

new and alternative aerification technology, there is a lack of information in the literature
comparing new or alternative technology with traditional methods on warm season
grasses. Therefore, the objective of this research was to determine the best combination
of new dry-injection (DI) cultivation technology with modified traditional aerification
programs to achieve minimal surface disruption without a compromise in soil physical
properties. Research was conducted at the Mississippi State University golf course practice
putting green and at the Mississippi State University practice football field during.
Treatments compared different combinations of hollow tine (HT) aerification and DI from
Jun to Aug in 2014 and 2015.
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LITERATURE REVIEW

Golf Course
History of Ultradwarf Bermudagrass
Bermudagrass (Cynodon spp.) is the most prevalent warm-season turfgrass
species used on golf courses, including putting greens, in warm, humid regions of the
United States (Hartwiger and O’Brien, 2006). Breeding efforts at the Georgia Coastal
Plain Experiment Station in Tifton, GA and the USDA Crops Research Division, led to
the first widely available bermudagrass putting green cultivar, ‘Tifgreen’, which was
released in 1956 (Hein, 1961). Tifgreen is an interspecific hybrid bermudagrass
[Cynodon dactylon (L.) Pers. x C. transvaalensis (Burtt-Davy)], which is a sterile triploid
(2n=3x=27) that must be vegetatively propagated (Hein, 1961).
Following the testing and release of Tifgreen, vegetative mutations were
observed. Two courses (Sea Island Country Club, Sea Island, GA and The Country Club,
Florence, SC) noticed mutated areas of grass that were outcompeting Tifgreen under
putting green maintenance conditions (Burton, 1966a). These grasses were selected for
further breeding for a possible improved cultivar. This led to testing and release of
‘Tifdwarf’ bermudagrass (Burton, 1966a). Following its release, Tifdwarf, became a
popular option for southern putting greens because of its fine leaf texture, dark green
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color, high shoot density, and reduced seed head production (Burton, 1966a;
Hollingsworth et al,. 2005).
As time progressed and as the popularity of Tifdwarf grew, off-types of this grass
began to appear in many putting greens (Moncreif, 1975). It was observed that some of
the off-types were superior, having higher shoot densities, shorter internodes, and the
ability to be mowed at lower heights (Foy, 1997; Hollinsworth et al., 2005). A few
selected off-types have since been released as cultivars and have become known as
ultradwarf bermudagrasses because of their tolerance to lower mowing heights compared
to Tifdwarf and Tifgreen (Brown et al., 1997; Hanna, 1999; Kaerwer, 2001). The
ultradwarf bermudagrass cultivars include ‘Champion’ (Brown et al., 1997),
‘FloraDwarf’ (Dudeck and Murdoch, 1998), ‘MiniVerde’ (Kaerwer, 2001), ‘MSSupreme’ (Krans and Philley, 2001), and ‘TifEagle’ (Hanna and Elsner, 1999).
Ultradwarfs generate an excessive thatch-mat of organic matter, which negatively
impacts the putting green characteristics (Carrow, 1998). Therefore, ultradwarf
bermudagrass putting greens require aggressive cultural practices, such as hollow-tine
aerification (HTA), solid-tine aerification (STA), double-mowing, rolling, verticutting,
top-dressing, venting, and grooming to maintain an acceptable putting surface. These
practices are used not only to reduce thatch, but also to improve soil aeriation, surface
characteristics, rooting, shoot growth, soil physical properties, and water movement
(Beard, 1973; Bevard, 2005; Cisar, 1999; McCarty and Miller, 2002; Unruh and Elliott,
1999).
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Soil Physical Properties
The soil is comprised of mineral matter and organic matter in a variety of sizes
and shapes that serve as a medium for plant growth (Plaster, 1997). The structural
arrangement and organic matter concentration determine the behavior of the soil and its
ability to support turfgrass growth (Bigelow and Soldat, 2013). Turfgrass soils must have
relatively good drainage and maintain porosity to promote turf rooting and vigor.
Soil air space and water-holding capacity depend upon the size and arrangement
of soil particles, which in turn determine the size and arrangement of soil pores. Soil
texture and structure affect the behavior of soils and their qualities for turf culture. Soil
texture can be classified based on the soil particle size and are divided into three major
size groups: sands, silts, and clays (Gee and Or, 2002). The United States Department of
Agricultures’ (USDA) defined soil particle size classification system includes sand
(0.05–2.0mm), silt (0.05–0.002 mm), and clay (< 0.002 mm). Pore space in a soil can be
affected by the soil texture. Sand fits together creating large pores (macropores) while
clay particles fit together creating small pores (micropores). Therefore, soil with claysized particles will have more total pore space than a soil with sand-sized particles. Ideal
rootzone soils will be moderately porous, 40 to 50% by volume, with an even balance of
large and small pores, which provides good soil aeration, permeability, and water-holding
capacity (Brady and Weil, 2001).
Soil structure refers to the arrangement of soil particles into larger soil aggregates
(Beard, 1973). Also, aggregates are described by their shape, size, and stability. The
principle types of soil aggregates are platy, prismatic columnar, blocky, and granular
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(Plaster, 1997). Well aggregated soils contain large continuous, pores that promote good
air and water movement, which creates easy paths for root growth.
Soil Compaction
Soil compaction occurs when macro-porosity is decreased due to compression by
force, thereby increasing micro-porosity (Murphy and Rieke, 1994). As macro-porosity
decreases, it lowers the permeability of the soil, which decreases water infiltration and
minimizes gas exchange. This leads to increased runoff and minimizes CO2 exchange
with ambient air causing CO2 to rise to toxic levels (Plaster, 2003). It also causes reduced
root growth because the plant exerts more energy to penetrate the soil (DeJong-Hughes et
al., 2001).
Soil bulk density is measured to quantify the degree of compaction (Emmons,
2000). Bulk density depends on soil texture and the density of soil material, as well as
their arrangement. Bowen (1981) determined plant root growth was restricted if bulk
density exceeds 1.55 g cm-3 on clay loam, 1.65 g cm-3 on silt loam, and 1.80 g cm-3 on a
fine sandy loam. The ideal medium soil texture with 50% total pore space will have a
bulk density of 1.33 g cm-3. Bulk density also reflects the soils ability to function for
structural support, water movement, and soil aeration. High bulk density values indicate
soil compaction, which results in restricted root growth and poor movement of air and
water through the soil (Turgeon, 2012). Bulk density can be reduced by using practices
that improve soil structure. However, it is speculated these improvements may only be
temporary (Gibb et al., 2001).
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Rootzone Construction Method
Sand has become the primary component of rootzone mixtures because of its
rapid water infiltration and ability to provide a firm surface while maintaining a desirable
balance of macro- and micro-porosity to facilitate gas diffusion and rooting (Gibbs et al.,
2001). While sand-based construction has its advantages possible drawbacks to sand
construction are low moisture and nutrient retention, as well as the potential to
accumulate organic matter (Brady and Weil, 2001).
The two common methods to construct a sand-based rootzone are: 1) United
States Golf Associations (USGA) method or 2) the California methods (Davis et al.,
1990; USGA Green Selection Staff, 2004). Both methods are similar because they have a
32 cm deep rootzone with a high sand content. The USGA Green Section developed
specific guidelines and specifications for a putting green construction method that was
originally distributed in 1960 (USGA Green Section Staff, 1960). The basic construction
involves a subsurface drain tile placed in trenches in the compacted subsoil. The USGA
specifications then call for a placement of a 10 cm thick gravel blanket to be place over
the compacted subsoil and drain tiles. Then, a 32 cm thick predominately sand rootzone
mixture is applied over the gravel layer. The rootzone mixture must conform to the
USGA particle size distribution guidelines (USGA Green Section Staff, 2004). The 10
cm gravel layer beneath the sand rootzone mixture promotes a perched water table. The
rootzone layer must become entirely saturated before the gravitational drainage occurs;
this provides a reserve supply of water for plant roots and good internal drainage
(Schlossberg and Karnok, 2002). The California method utilizes an unamended sand
applied directly over a compacted subsoil with a slightly finer textured sand. The USGA
5

method has two main differences than the California method. First, a gravel blanket is
applied over a compacted subsoil, while the California methods only utilize gravel within
the drainage trenches (Davis et al., 1990). Secondly, the USGA sand rootzone mixture
maybe amended with organic materials such as peat moss or inorganic amendments like
profile. USGA recommendations are periodically reviewed and updated as research
proves new techniques and materials are reliable over time (Carrow, 2003).
Over time, performance characteristics of USGA greens diminish as organic
matter levels increase (Carrow, 2003). An accumulation of organic matter at or below the
soil surface can negatively affect putting green performance. USGA greens typically have
desirable soil physical properties throughout the profile; however, the exception is near
the surface where organic matter has accumulated.
Thatch and Thatch-Mat Organic Matter
Thatch is most commonly defined as “a loose intermingled layer of dead and
living stems and root that develops between the zone of green vegetation and the soil
surface” (Beard, 1973; Waddington, 1992). Thatch-mat is defined as “a tightly
intermingled layer of decomposing organic matter and soil, usually brown in color and
easily distinguishable at the upper surface of the rootzone” (Barton et al., 2009). Thatchmat is composed of partially decomposed thatch from activity of soil microorganisms
intermixed with mineral soil from applications of topdressing and cultivation (White and
Dickens, 1984). Thatch occurs when plant biomass production exceeds decomposition,
resulting in a composition of surface debris followed by growth of the turfgrass plants
within this debris (Murray and Juska, 1977; Berndt et al., 2013). There are also greater
amounts of lignin content in the more resilient plant tissue (Turgeon, 2012).
6

Thatch and thatch-mat have benefits depending on its nature, the extent of
accumulation, and the intended use of the site. Thatch maintains a healthy population of
soil microorganisms which decompose leaf matter (Haas and Defago, 2005). When
thatch-mat is properly managed, it provides necessary cushion for foot traffic, and
incoming golf shots (McCarthy and Miller, 2002; Vermeulen and Hartwiger, 2005).
Adequate levels of thatch-mat can provide cushion, wear tolerance, resiliency, insulation
from environmental extremes, raise cation exchange capacity (CEC), increase water
holding capacity, and reduce soil pH in calcareous soils (Berndt et al., 2013; Christians,
1998;). Thatch can also release and store nutrients, conserve microbial mass, suppress
disease, and improve soil structure and aggregation (Turgeon, 2012).
Putting greens require a minimum thatch-mat depth greater than 6 mm to tolerate
wear and stress, while a depth greater than 13 mm is considered excessive (Christians,
1998; McCarty and Miller, 2002). Excessive amounts of thatch and thatch-mat increase
scalping and increase the vulnerability of turf to insects and disease damage (Cornman,
1952; Musser, 1960), increases ball roll inconsistences, increase ball marks (Vermeulen
and Hartwiger, 2005), reduces tolerance to extreme temperatures (Beard, 1973;
Thompson, 1967), and decreases water infiltration (Beard, 2005; Murray and Juska 1977;
White and Dickens, 1984). Carrow (2003) reported lower oxygen levels caused by
increasing amounts of organic matter and reduced macropores in a sand-based root zone
were the primary causes of many secondary problems, including reduced saturated
hydraulic conductivity and decreased rooting. This also provides an environment
favorable for pathogens (Murphy et al., 1993; Neylan, 1994).
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A putting green cycle of root growth, decline and new growth, is repeated year
after year. The roots grow into the network of macropores facilitating air and water
exchange but this also reduces macropore volume (Bigelow and Soldat, 2013). Carrow
(2003) noted that as organic matter in sand-based putting greens reach 3 to 4% by weight,
the percentage of soil macropores begin to decrease. Carrow (2003) also stated that
reduction of pore space due to organic matter accumulation produced three distinct
problems: 1) Oxygen diffusion into the root zone begins to decline, which is vital for
growth and microorganism balance and functions. 2) Water infiltration decreases, which
results in saturation and pooling of water. 3) Moisture content in the upper root zone
increases, which reduces surface firmness. Carrow (1998) reported core aeration and
routine topdressing diluted organic matter accumulation and created new macropores.
Cultural Practices
Ultradwarf bermudagrass putting greens require aggressive cultural practices,
such as hollow-tine aerification (HTA), solid-tine aerification (STA), double-mowing,
water-injection cultivation (WIC), dry-injection (DI) cultivation, rolling, slicing, spiking,
verticutting, top-dressing, venting, brushing, and grooming to maintain a high quality
putting surface. Various combinations of these cultural practices are often used to control
organic matter and improve the soil physical properties.
Hollow-tine aerification, also referred to as core aerification or core cultivation, is
the process of physically removing a soil core from the soil profile of a putting green.
Solid-tine aerification does not physically remove soil cores from the soil profile of the
putting green. Aerification with wide diameter tines (1.2 to 2.5 cm), drills, or both,
followed by topdressing might be the most important practices to increase water
8

infiltration rates and soil aeration porosity (Green et al., 2001). Hartwiger and O’Brien
(2001) reported the health of a putting green over a period of time depends on
maintaining sand as the primary medium. Verticutting is the process that involves the use
of vertically oriented knives mounted on a rapidly rotating, horizontal shaft (Turgeon,
2012). Grooming is an attachment for greens mowers that sits in front of the reel cutting
unit of the greens mower and is a miniature verticutting mower with blade spaced
typically 0.6 cm that rotates through the slots in the front roller (McCarty and Miller,
2002). Grooming has provided superintendents the ability to lightly slice stolons, and
remove thatch near the surface without causing extensive damage to the putting green.
These practices are used not only to reduce thatch and organic matter, but also improved
soil aeriation, surface characteristics, rooting, shoot growth, soil physical properties, and
water movement (Beard, 1973; Bevard, 2005; Cisar, 1999; McCarty and Miller, 2002;
Unruh and Elliott, 1999). A unique challenge associated with HTA is the amount of
surface area disturbed and the time required for turf recovery and to clean up soil cores.
Traditional Aerification
Sorokovsky et al. (2007) investigated the effects of HTA on soil physical
properties of sand-based creeping bentgrass (Agrostis stolonifera L.) putting greens by
measuring soil bulk density, soil organic matter, volumetric water content, and water
infiltration. The treatments compared non-HTA to HTA treatments with HTA treatments
impacting 5% of the surface area. Treatments with and without HTA had similar organic
matter concentration and bulk density values. The HTA treatments provided a lower
volumetric water content while water infiltration was greater than that of the non-HTA
treatment. From the experiment, HTA impacting 5% surface area did not significantly
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affect most soil properties with the exception of volumetric water content and water
infiltration.
McCarty et al. (2007) studied the effectiveness of various combinations of
cultural practices and topdressing for managing thatch-mat levels on an USGAspecification creeping bentgrass putting green. The two verticutting treatments were
applied at depths of 6.4 mm and 19.1 mm. Grooming treatments were set to a 3 mm depth
with blades spaced at 0.64 mm. Hollow-tine aerification treatments were applied with
0.64 cm diameter tines and spaced at 7.6 cm. The only treatment that reduced organic
matter concentration of the thatch-mat layer was the combination of verticutting,
grooming, and HTA. It was noted that HTA reduced surface firmness 9% and improved
water infiltration.
Rowland et al. (2009) evaluated cultural practices to determine their effects on a
USGA specification ultradwarf bermudagrass putting green. Treatments included HTA
(1, 2, or 3 times a year), verticutting (3 times a year), STA (5 times year), and an
untreated control. The HTA treatments were applied using 1.6 cm diameter tines and
spaced at 5.1 cm with each application impacting 7.7 percent surface area. The STA
treatments were applied with 1.0 cm diameter tines and spaced at 5.1 cm with each
application impacting 3 percent surface area. The verticutting treatments were set to a 2.5
cm depth with blades 0.2 cm wide and spaced at 1.3 cm and each application impacted 9
percent surface area. The objective was to evaluate cultural practices and their control of
organic matter, both mat and soil, and their effects on soil physical properties and surface
characteristics of a mature stand of Champion and TifEagle ultradwarf bermudagrasses.
Verticutting and HTA treatments required similar amounts of recovery time in both
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years. Hollow-tine aerification treatments increased surface firmness from year 1 to year
3. The organic matter layer was steadily reduced during the three year experiment, but
there were no differences between cultural practice treatments or cultivars. The
verticutting treatments increased surface firmness 11% from 2007 to 2008. Hollow-tine
aerification two and three times a year resulted in higher hydraulic conductivity than
verticutting. Results indicate verticutting provided the firmest and darkest green surface
while reducing thatch-mat layer, mower scalping, and localized dry spot (LDS)
symptoms, as well as increasing root weights.
Murphy et al. (1993) investigated the effects of HTA and STA on soil physical
properties on a creeping bentgrass putting green. Hollow-tine aerification significantly
lowered bulk density compared to STA treatments both years. Hydraulic conductively
rates were 49% higher in HTA plots compared to STA plots.
Landreth et al. (2008) evaluated the effects of various aggressive verticutting and
HTA treatments on the removal of surface organic matter from a sand-based ‘Penn G-2’
creeping bentgrass putting green. The verticutting treatments that were set at a depth of 3
mm removed more than four-times the amount of organic matter removed by each HTA
treatments. Among the HTA treatments, the larger-diameter, closely spaced, deeperpenetrating treatments removed the most organic matter near the root zone surface.
Hollow-tine aerification with shorter tines was the most effective treatment in completely
penetrating the organic matter layer without bringing excess sand to the surface (Landreth
et al., 2008). Tine diameter had the greatest effect on recovery time. The 0.64 cm
diameter tine recovered in 14 days, which was approximately half the time of turf treated
with 1.27 cm tines. Results indicated that verticutting treatments were more aggressive
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and effective than HTA at removing organic matter from the surface of the putting green
rootzone. Landreth et al. (2008) concluded HTA with closely spaced small tine size may
be the best option for greens that must return to the highest level of quality shortly after
cultivation.
Atkinson et al. (2012) conducted research on a TifEagle bermudagrass putting
green to quantify the effect of removing specific amounts of surface area per year,
number of aerification, events per year, and amount of topdressing applied post
aerification. Two surface area percentages were used, 15% and 25%. These two surface
areas treatments were aerified once, twice, and three times, yearly. The authors noted
turfgrass quality (TQ) was reduced after frequent aerification while the more surface area
that was disturbed, the longer recovery time took. The highest TQ in both years was
observed in treatments impacting 15% surface area with one aerification event in both
years. The lowest TQ was seen in the first year, in treatments of 25% surface area per
year with two aerification events. Increased aerification events per year decreased bulk
density in both years. Decreasing soil compaction and bulk density are usually the main
objectives in HTA. Both will be decreased by the more surface area impacted and
frequent aerification. Surface firmness in Year 2 was lowered by an average of 4% when
impacting 25% compared to impacting 15% surface areas.
The authors also noted that soil physical parameters can be improved if turfgrass
managers are willing to compromise a temporary TQ reduction from an increase in
aerification frequency or percentage of surface area impacted. Even though reducing the
frequency of aerification and the amount of surface area disturbed yielded higher TQ, it
did not yield similar improvements in soil physical properties. Atkinson et al. (2012)
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concluded further research is needed to refine timing, spacing, and tine size selection to
minimize playing surface impact while increasing benefits of HTA, especially as new
equipment and technology emerge.
Alternative Aerification
Alternative aerification practices, such as spiking, slicing, DI, and WIC, are
becoming more popular due to the need for an aerification practice less disruptive to the
putting surface. Slicing is the process by which a series of thin V-shaped knives mounted
at intervals on a disk are moving in a vertical cutting action that opens and loosens the
soil (Beard, 1973; McCarty and Miller, 2002). Slicers penetrated the turfgrass surface
creating narrow slits at a depth of 7.5 to 10 cm. Spiking is the process by which solidtines or blades mounted on a horizontal shaft shallowly penetrate the turfgrass surface
(Beard, 1973). Spiking is similar to slicing except that penetration is limited to
approximately 2.5 cm, and the distance between perforations along the turfgrasses
surface is also shorter (McCarty and Miller, 2002). Both spiking and slicing are used
between HTA events to achieve similar results while being less destructive to the surface
(Turgeon, 2012). Water-injection cultivation (WIC) is the process by which short burst of
water at a high velocity are injected into the surface of the soil, causing minimum surface
disruption (Turgeon, 2012). This process is typically performed by a Toro HydroJect™
(The Toro Company, Bloomington, MN). Dry-injection cultivation is a process by which
high-pressure water injections create holes into the surface with sand and/or other
amendments being drawn into the hole by the patented vacuum created a burst of water
(Turgeon, 2012; Bigelow and Soldat, 2013). Dry-injection cultivation has the ability to
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inject material to a depth of 25 cm. This process is performed by using a DryJect 4800 or
a DryJect Maximus (DryJect Incorporated, Hatboro, PA).
Green et al. (2001) investigated the effects of WIC and STA. The STA treatments
were performed with 0.6 cm diameter tines and spaced at 6.4 cm by 6.4 cm. The research
was conducted on a ‘Penncross’ creeping bentgrass putting green, which investigated
field infiltration rates of water, soil salinity, oxygen diffusion rates, bulk density total, airfilled porosity, and root weight density. Treatments included WIC applied with a Toro
HydroJect every 21 d (raised position) and every 14 or 21days (lowered position), STA
applied every 14 days, and no cultivation. When WIC treatments were applied in the
raised position with nozzles spaced at 7.6 x 7.6 cm and in the lower position nozzle
spacing was 4.4 x 7.6 cm. Results indicated that WIC and STA significantly increased
field infiltration rates of water and reduced soil salinity. They determined that all
treatments reduce multiple summer stresses; however, treatments did not affect bulk
density, and total air-filled porosity was not impacted.
Karcher and Rieke (2005) studied the physical properties of the rootzone of
putting green that had a significant sand layering in a native soil affected by various
cultivation treatments. Five treatments were used, including WIC applied weekly,
biweekly or monthly, HTA applied in the spring and fall, and a no cultivation control.
Water-injection cultivation treatments were applied by using a Toro HydroJect with
nozzles spaced at 7.6 cm by 2.5 cm. Hollow-tine aerification treatments were applied
with 1.0 cm diameter tines and spaced at 7.6 cm by 5.0 cm. There was no significant
difference or decrease in bulk density. It was speculated this was a result of topdressing
sand used to backfill holes having similar physical properties to the sand layer within the
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rootzone. The authors conclude weekly WIC should be avoided during stressful weather
conditions and should only be used to supplement, not replace, HTA to manage surface
organic matter.
Bunnell et al. (2001) investigated cultivation techniques to improve the soil
atmosphere, water infiltration, and reduce surface firmness on creeping bentgrass putting
greens. Many different types of cultivation techniques were used, including HTA, STA,
deep-HTA, deep-STA, WIC, star tines, and needle tines. Overall, most treatments
improved soil gas levels, surface firmness, and water infiltration up to 30 days after
treatment (DAT). The author noted alternative aerification practices, such as waterinjection, star tines, and needle tines did not reduce TQ.
Murphy and Rieke (1994) compared HTA and WIC as a tool for improving soil
physical conditions and turf growth of a Penncross creeping bentgrass putting green.
Treatments consisted of a control, WIC, and HTA applied three and two times in 1988
and 1989, respectively. The HTA treatments were performed with 1.27 cm diameter tines
and spaced at 5.7 cm by 6.4 cm. Water-injection cultivation treatments were applied with
nozzles spaced 7.6 cm apart. Research was conducted on a modified loamy soil (83%
sand, 11% silt and 6% clay). The authors noted that WIC was not nearly as disruptive as
HTA in the top 30 mm of the soil surface. They also found that WIC was equal or greater
than HTA in reducing soil bulk density and increasing porosity and saturated hydraulic
conductivity in the 0-76 mm depth zone. Murphy and Rieke (1994) concluded WIC
offers the potential to be a cultural practice during periods of high traffic and
environmental stress with minimal surface disturbance.
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The objective of Schmid et al. (2014) was to determine if HTA was better than
STA at managing organic matter accumulation and increasing infiltration rates, and if
alternative venting aerification methods are effective at managing organic matter and
water infiltration. The study was conducted on a USGA specification creeping bentgrass
putting green. The HTA and STA treatments were applied with 1.27 cm diameter tines,
spaced at 5 cm. Solid-tine aerification and quad needle tine treatments both impacted 4.9
percent surface area while HTA treatments impacted 5.9 percent surface area of the
putting green. The bayonet and PlantetAir treatments impacted 2.1 percent surface area.
The venting treatments were Hyrdoject, PlanetAir, quad needle tine, bayonet tine, and no
venting. The results indicate HTA and STA both improved water infiltration compared to
the control, but no differences were observed in organic matter concentration. Venting
treatments did not significantly reduce organic matter concentration, but HydroJect was
the only venting method that increased water infiltration.
Fontanier et al. (2011) compared the effects of small diameter tine (0.64 cm)
HTA, STA, and venting aeration at three frequencies (monthly, biweekly, and weekly) on
thatch-mat accumulation, TQ, and soil-water relationships. This study was conducted
over a 2 year period on TifEagle, Tifdwarf, and Miniverde ultradwarf bermudagrass
putting greens on a USGA specified rootzone. The objective was to evaluate effects of
PlanetAir venting in comparison to small diameter and HTA treatments. Venting
aerification, such as spiking, slicing, needle-tine aerification, and WIC involves the
frequent creation of small holes or slits through the upper soil profile (Fontanier et al.,
2011). Venting aerification did not consistently reduce thatch accumulation compared to
the control treatment. Venting aerification minimally impacted playing surfaces in the
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short term; however, frequent use reduced hydraulic conductivity values and increased
upper profile soil volumetric water content. Results suggest venting aeration alone is not
the most effective method to improve water infiltration and manage thatch, but would be
best utilized in combination with other cultural practices.
Athletic Field
Wear and Safety of Playing Surface
Athletic field managers are charged with providing a high quality and safe playing
surfaces for athletes. An athletic field should have uniform, dense turf cover that provides
stable footing and can tolerate and recover from traffic. Managers also face a unique
challenge in that most sports are played more intensely in pockets or concerted areas of
the field, and each of these regions must be managed slightly different. These areas
receive heavy traffic, which can result in reduced turf quality and increased soil
compaction. Research has shown that turf quality is directly linked to reducing athletic
injuries (Gramckow, 1968). This is the main reason turfgrasses for athletic fields should
be wear resistant and vigorously growing to recovery quickly from wear (Turgeon, 2012).
Athletes and viewers expectations challenge athletic field managers to create a
safe, yet aesthetically pleasing playing surface. Regardless of expectations, athletic fields
must obey determined sport rules and regulations, offering adequate playability and
providing a safe playing surface (Aldahir and McElroy, 2014). A playing surface that has
received high traffic resulting in thin turf and bare ground can expose players to possible
injury. The ability of turf to absorb shock is a major factor in reducing injuries that result
from a hard playing surface (Madison, 1971). In the Australian Football League (AFL),
data that was collected from 1997-2002 showed that 47% of significant injuries were
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likely a result of the playing surface (Orchard, 2001). Research conducted on high school
football injuries revealed that 21% of the 210 injuries were linked to field conditions
(Harper et al., 1984). For the turfgrass playing surface to remain playable and safe, it
must be durable enough to withstand and recover quickly from the stress caused by
sporting and nonsporting events (Puhalla et al., 1999).
Bermudagrass
In 1960, ‘Tifway’, a vegetative propagated hybrid bermudagrass (Cynodon
dactylon x transvalensis) was released (Burton, 1966b). Tifway has since become one of
the most commonly used turfgrasses on athletic fields in the Southeastern United States
(McCarty, 2001). Tifway is known for its disease resistance, dark green color, medium
texture, aggressive growth, tolerance of frequent and close mowing, and high density
(Burton, 1966b; Hanna et al., 1997; Trenholm et al., 2000).
Soil Physical Properties
The two most common construction methods for athletic fields are native soil or
sand-based systems (Anderson et al., 2014). Sand-based athletic fields are modeled after
the USGA construction method. The design used on athletic field incorporates the system
of layering sand and gravel to achieve rapid drainage while still maintaining a perched
water table. Native soil fields generally contain a higher organic matter concentration,
and water holding capacity than sand-based systems (Henderson et al., 2005). Therefore,
the construction method of an athletic field can be one of the most important factors
affecting playability and safety (Li et al., 2009).
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Native soil fields are generally the most common choice for minimal construction
and maintenance costs. Native soil fields typically require less irrigation and fertilizer
inputs due to the higher percentage of finer textured soil particles. If turf density declines
from heavy wear on a native soil field, the particle cohesion of finer-textured soil will
continue to provide sufficient soil strength and provide some level of surface smoothness.
This can provide stable footing for athlete safety compared to a sand-based rootzone,
where the soil matrix might become unstable due to lack of particle cohesion (Bigelow
and Soldat, 2013). However, finer textured soil generally possess higher water holding
capacities and have poor drainage (Henderson et al., 2005). The poor surface infiltration
of native fields often leads to a field being constructed with a crown to aid in surface
water removal. These fields can be modified over time by adding course textured
amendments to dilute the undesirable silt or clay, thus improving drainage, and reducing
compaction, but to be effective the sand percentage in the rootzone mixture must exceed
70% sand.
Sand-based designs have become the preferred method of newly constructed
athletic fields. A sand-based system allows for play to resume quickly after rainfall
events and often prevents cancellations or postponements of events (Li et al., 2009). A
sand-based system reduces the need for a crown and has excellent internal drainage. It
also can provide a firm surface while maintaining a desirable balance of macro- and
micro-porosity to facilitate gas diffusion and root growth. The primary concern with
sand-based designs is poor traction or footing where turf has thinned. Dury and Craggs
(1977) reported athletic field surface stability is affected by sand size, shape, and particle
size distribution. Li et al. (2009) stated that using angular sand improved stability
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compared to other sand shapes. Additionally, sand-based athletic fields are often
constructed with a slightly higher silt and clay contents to increase surface stability and
bearing capacity (Henderson et al., 2005).
Over time, soil physical properties of sand-based systems begin to break down in
the rootzone. As organic matter increases and airborne silts are deposited, pore space,
infiltration rates, and soil aeration are reduced. The quality of an athletic field playing
surface can be determined by turfgrass species/cultivar selection and soil medium
(Canaway and Baker, 1993).
Soil Compaction
Soil compaction occurs when applied force decreases macro-porosity, thereby
increasing micro-porosity (Murphy and Rieke, 1990). Athletic field traffic is one of the
main causes of compaction. Athletic fields become compacted due to wear from various
sporting and nonsporting events on the surface. Compaction leads to reduced soil water
infiltration (Akram and Kemper, 1979), saturated hydraulic conductivity (Dawidowski
and Koden, 1987) and air entry values while increasing saturated water content (Libardi
et al., 1982). It also creates greater soil strength making it difficult for roots to penetrate
into the soil resulting in restricted root growth. Sills and Carrow (1983) found that
restricted, root growth led to a 30% decline in clipping yield. As micro-porosity
increases, it lowers the permeability of the soil, which decreases water infiltration and
minimizes gas exchange. This leads to increased runoff, erosion, and minimizes the
exchange of CO2 with ambient air causing CO2 to rise to toxic levels (Plaster, 2003).
Water infiltration is the downward movement of water into the soil through the soil
surface. It is directly related to soil properties and/or structure. When water infiltration is
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reduced it causes pooling of water and increased runoff. These are undesirable
characteristics on athletic fields that are designed to be playable shortly after any rainfall
event.
Soil compaction is quantified by directly measuring the bulk density of the soil.
Bulk density is calculated as the dry weight of soil divided by its total volume. Coarser
textured soils have greater bulk density values while finer textured soils tend to have
lower bulk density values. Bowen (1981) determined plant root growth was restricted
when bulk density exceeded 1.55 g cm-3 on clay loam, 1.65 g cm-3 on silt loam, and 1.80
g cm-3 on a fine sandy loam. Various factors influence bulk density, with traffic being one
of the main factors that affect bulk density values on athletic fields. Research has shown
that increases in bulk density were associated with increases in field surface firmness
(Rogers et al., 1988).
Thatch and Thatch-Mat Organic Matter
Organic matter accumulation can be influenced by many factors, including grass
species, rate of plant growth and decay, soil chemical and physical properties, biological
activity, cultural practices, and environmental conditions (Gaussoin et al., 2013). Thatch
is commonly defined as a loose intermingled layer of dead and living stems and root that
develops between the zone of green vegetation and the soil surface (Beard, 1973;
Waddington, 1992). Thatch-mat is defined as a tightly intermingled layer of decomposing
organic matter and soil, usually brown in color and easily distinguishable at the upper
surface of the rootzone (Barton et al., 2009). Thatch-mat is composed of partially
decomposed thatch from activity of soil microorganisms intermixed with mineral soil
from applications of topdressing and cultivation (White and Dickens, 1984). Thatch
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accumulation becomes a problem when the production rate of vegetation matter exceeds
its decomposition rate (Murray and Juska, 1977).
Thatch accumulation on athletic fields can be problematic because low infiltration
rates cause soil water contents to be elevated for extended periods of time resulting in
increased damage to the playing surface following traffic (Barton et al., 2009). An
excessive thatch accumulation can also cause “trapping” of the players’ footwear,
preventing free rotation of the foot and causing more stress on knee ligaments (Orchard et
al., 2005).
Cultural Practices
Thatch and thatch-mat organic matter accumulation, and compaction may result
from a lack of adequate cultural practices (Atkinson et al., 2013). Cultural practices are
the foundation of a healthy stand of turf on an athletic field. Athletic fields must have a
stable uniform playing surface that can withstand high traffic (Carrow and Petrovic,
1992). Gibbs et al. (1993) noted soil physical properties of athletic field rootzones
inevitably deteriorate over time. They must be managed by using various combinations of
cultural practices, including HTA, STA, slicing, verticutting, WIC, DI, and topdressing.
Hollow-tine aerification is the most commonly used cultural practice to relieve
compaction, remove organic matter, increase infiltration, and improve overall soil
physical properties. There are limitless combinations of cultural practice methods,
timings, depths, and spacing configurations that can affect results. It is important to note
that turfgrass aerification practices can significantly disrupt the playing surface.
The practice of sand topdressing athletic fields is used for numerous reasons.
Topdressing helps maintain a smooth surface, promote recovery and growth, dilute and
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modify accumulating organic matter, and protect crowns and roots from traffic (Beard,
1973). Baker and Canaway (1992) reported sand topdressing improved traction during
wet conditions and also reduced surface firmness under dry conditions on a fine textured
rootzone. Topdressing is often applied following cultural practices to fill the void left by
aerification practices to promote lateral regrowth (Christians, 1998).
Brauen et al. (1998) conducted a five-year evaluation to study the effects of HTA
and STA thatch accumulation, soil bulk density, and hydraulic conductivity on a
bentgrass fairway. Both HTA and STA treatments were applied by utilizing 1.27 cm
diameter tines. Results indicated that HTA was more effective than STA in reducing net
thatch build up. Two annual aerification events reduced thatch; however, six events were
more efficient in thatch reduction. Authors also found that HTA increased bulk density
and reduced field-saturated hydraulic conductivity below the aerification zone. These
results suggest that HTA might lead to a compaction zone more easily than STA.
Guertal et al. (2003) conducted at three-year study to examine the effects of deeptine aerification on compaction, bulk density, and hydraulic conductivity on two ‘Tifway’
hybrid bermudagrass sites that were stimulated with different levels of golf traffic. Solidtine aerification treatments were applied using 1.9 cm diameter tines, spaced at 10 cm and
at a depth of 17.8 cm. Treatments were applied once per year (Jul), twice per year (Apr,
Jul), and four times a year (Apr, Jul, Oct, Jan). The results revealed that that deep-tine
aerification was effective at decreasing soil compaction and increasing saturated
hydraulic conductivity as the frequency of aerification events increased. Guertal et al.
(2003) also noted that effects of aerification can be limited due to the amount of traffic in
between aerification events.
23

Canaway et al. (1986) studied STA, HTA, and scarification effects on water
infiltration rates of a sand-based rootzone. Hollow-tine aerification treatments were
applied using 1.27 diameter tines, at a depth of 10.1 cm. Solid-tine aerification treatments
were applied with flat-bladed, pointed tines that penetrated the soil at a depth of 12.6 cm.
Both HTA and STA increased water infiltration rates; however, effects of HTA were
greater than those of STA.
Baker and Richard (1993) studied the effects of slit tine and HTA on playing
quality of five different construction types used on a soccer field. The study was
conducted on perennial ryegrass (Lolium perenne L.) soccer fields. The HTA treatments
were conducted with 1 cm diameter tines, 10 cm in length. The authors reported regular
slit tine aerification had no effect on water infiltration rates while it consistently reduced
turf cover during periods of wear compared to no aerification plots. Reduced turf cover
adversely affected playing quality resulting in plots that received regular slit tine
aerification having poor playing quality compared to non-treated plots. Hollow-tine
aerification only occurred during the summer while turfgrass was actively growing, but
the authors noted using HTA outside of the growing season would result in a significant
reduction of turf cover.
Baker (1994) conducted a study to examine the effect of different frequencies of
slit tine aerification compared to no aerification plots and situations of real wear. The
study was conducted on perennial ryegrass soccer and rugby fields. The slit tine
aerification treatments were conducted with 12.6 cm length tines and produced
approximately 11.5 cm long slits at intervals of about 30 cm. The lateral spacing between
slits was 15.5 cm. The frequency of slit tine aerification had little to no influence on
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playing quality; however, ground cover in the second half of the season declined as
aerification frequency increased. There was also evidence that frequent slit tine
aerification reduced water infiltration.
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CHAPTER II
CULTURAL PRACTICES TO MAINTAIN SOIL PHYSICAL PROPERTIES FOR
ULTRADWARF BERMUDAGRASS PUTTING GREENS

Introduction
Ultradwarf bermudagrass [Cynodon dactylon (L.) Pers. x C. transvaalensis (BurttDavy)], has become the most prevalent warm-season species used on putting greens in
warm, humid regions (Hartwiger and O’Brien, 2006). Ultradwarf bermudagrasses have
fine-textured leaf blades, short internodes, high shoot density, and the ability to withstand
low height of cut, which provides a smooth and fast putting surface (Gray and White,
1999). However, ultradwarf bermudagrasses are rapid thatch producers that quickly
generate an excessive thatch-mat of organic matter, which negatively affects putting
green performance (Carrow, 1998; Fontanier et al., 2011; McCarty et al., 2007; Turgeon,
2005).
The United States Golf Association (USGA) putting green construction method
was developed to provide near-ideal soil physical properties that result in an environment
conducive for plant growth (Brady and Weil, 1999). However, the ideal conditions of a
USGA green diminish over time due to the ultradwarfs generating organic matter
(Carrow, 2003). Excessive levels of thatch-mat organic matter causes many problems,
including increased ball marks (Vermeulen and Hartwiger, 2005), increased pathogen and
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insect populations (Bevard, 2005; Christians, 1998), and reduced water infiltration rates
(Bevard, 2005).
Hollow-tine aerification (HTA), also known as core aerification, is an effective
practice used to physically remove a soil core to improve soil physical properties.
Research has shown that HTA improves water infiltration and reduces volumetric water
content in putting greens (McCarty et al., 2007; Rowland et al., 2009; Sorokovsky et al.,
2007). Also, previous research has suggested that HTA combined with verticutting and
grooming reduced organic matter concentration more than the control treatment
(Atkinson et al., 2012). However, other researchers have reported HTA did not reduce
organic matter concentration compared to non-HTA treatments (McCarty et al., 2007;
Rowland et al., 2009; Sorokovsky et al., 2007). Hollow-tine aerification is also utilized to
reduce compaction, which is quantified by measuring bulk density and surface firmness.
Increasing the number of HTA events has been shown to improve bulk density (Akinson
et al., 2012; Murphy et al., 1993), while other reports have noted no differences in bulk
density, which have caused speculation that improvements to bulk density might be short
lived (Green et al., 2001; Murphy and Rieke 1994;). As bulk density decreases, soil
macroporosity increases, which promotes more efficient air and water movement
throughout the soil. Atkinson et al. (2012) noted surface firmness was 4% lower when
impacting 25% surface area compared to 15% surface area on a ‘Tifeagle’ bermudagrass
putting green. Although HTA improves soil physical properties, it is disruptive to the
putting surface, which results in a prolonged recovery time period and is unacceptable to
many golfers.

35

Alternative aerification practices, such as spiking, slicing, water-injection
cultivation (WIC), and dry-injection (DI) cultivation (DI) are becoming more popular
because they are less disruptive to the putting surface than HTA. For example, previous
research has shown that WIC and spiking can improve water infiltration on sand-based
greens with minimal surface disruption (Fontanier et al., 2011; Green et al., 2001;
Murphy and Rieke, 1994; Schmid et al., 2014). A considerable amount of the previous
research conducted has examined traditional aerification timing, depth, and spacing
impact on soil physical properties of cool season grasses while minimal research
conducted has concentrated on ultradwarf bermudagrass species.
Determining the best combination of traditional and alternative aerification
practices to maintain soil physical properties throughout the growing season, while
minimizing surface disruption is challenging for turfgrass managers. Traditional
aerification causes substantial damage to the putting green surface resulting in fewer
rounds of golf being played. Also, this may lead to lost revenue due to fewer rounds of
golf being played. Despite the growing interest in new aerification technology of putting
greens, there is a lack of information in literature comparing new technology with
traditional methods—particularly dry-injection methodology.
Dry-injection cultivation is a process by which high-pressure water injections
create holes into the surface with sand and/or other amendments being drawn into the
hole by the patented vacuum created a burst of water (Bigelow and Soldat, 2013;
Turgeon, 2012). The objective of this research was to determine the best combination of
new DI technology with modified traditional aerification programs to achieve minimal
surface disruption without a compromise in soil physical properties.
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Materials and Methods
Research was conducted from 1 May to 31 Aug, 2014 and 2015, at the
Mississippi State University Golf Course practice putting green in Starkville, MS (33º 28’
41” N, 88º 43’ 58” W; Figure A.1). The practice putting green was constructed in 1994
with a USGA specified, 80:20 (sand/sphagnum peat moss, vv) greens soil mixture. In
2004, the green was re-sprigged with ‘MS Supreme’ ultradwarf bermudagrass. The
Mississippi State University golf course is a public golf course that receives on average
28,000 rounds of golf per year. Plots were 1.5 by 3 m. Mowing occurred 7 d wk-1 at 2.8
mm using a John Deere 2500B Triplex (Deere and Company, Moline, IL). Fertilizer was
applied equally over all plots with urea (46-0-0) and potassium nitrate (13-0-44) applied
together to achieve a rate of 24.38 kg N ha-1 and K per month during the growing season.
Topdressing was applied with a Dakota 410 pull behind (Dakota Peat and Equipment,
Grand Fork, ND) during the growing season at a rate of 4.09 m3 ha-1 wk-1. Irrigation was
applied as needed to prevent drought stress, fungicides were applied on a curative basis,
and no herbicide applications occurred.
Treatments included two different hollow-tine (HT) sizes (0.64 and 1.27 cm) and
DI (See Table 2.1 for complete treatment list). The HT 0.64 cm tine size treatments were
performed with a John Deere Aerocore 800 (Deere and Company, Moline, IL) with 2.54
cm spacing set to a depth of 7.62 cm. The HT 1.27 cm tine size treatments were
performed with a Toro Procore 648 (The Toro Company, Bloomington, MN) with 2.54
cm spacing set to a depth of 7.6 cm. Cores were remove, and plots were sand topdressed
(Figure A.3). The DI treatments were performed with a DryJect 4800 (DryJect
Incorporated, Hatboro, PA Figure A.2) with 7.6 cm nozzle spacing set to a 12.6 cm
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depth. The DI treatments were injected with AS-45 topdressing sand, which, according to
Tifton Physical Soil Testing Laboratory (Tifton, GA), met USGA particle size
recommendations for a topdressing and rootzone sand mixture (Figure A.9).
Parameters evaluated included surface firmness, water infiltration, bulk density,
chlorophyll index, normalized difference vegetative index (NDVI), ball roll, thatch-mat
depth, organic matter concentration, volumetric water content (3.8 and 7.6 cm depth), and
percent visual recovery.
After each treatment, surface firmness was measured every 14 and 28 days using
a USGA TruFirm Turf Firmness Meter (USGA, Far Hills, NJ). The TruFirm meter
measures the maximum penetrating depth of its hemisphere-shaped hammer into the
putting green surface. Firmness was measured using a single drop of the hammer in three
arbitrarily selected locations of each plot and averaged to get the overall surface firmness
of each individual plot. The results were recorded as depth of penetration (cm) with lower
depth values indicating a firmer surface.
Water infiltration rates (cm hr-1) were measured 14 days after each treatment
application with an AMS double-ring infiltrometer (AMS Incorporated, American Falls,
ID; Figure A.4). Inside and outside rings dimensions measured 15 cm diameter inner ring
and 30 cm diameter outer ring, with a height of 10 cm. Rings were arbitrarily placed once
within each plot and inserted 2 cm below the soil surface. Water was added to both rings
until the water level reached the top (8 cm) of both rings. Water infiltration was measured
as the time it took the water in the center ring to empty from the initial height of 8 cm
while maintaining a consistent hydraulic head in the outer ring of the infiltrometer
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(Gregory et al., 2005). Results were measured after 15 minutes and multiplied by 4 to
generate the infiltration rate per hour.
Following all treatment applications, water infiltration rates (cm hr-1) at the 7.6
cm depth were measured on 1 Oct 2015 (Figure A.4). Water infiltration rates were
measured by removing two undisturbed 5 cm diameter soil cores from 2 arbitrarily
selected locations within each plot at the depth of 7.6 cm using an AMS slide hammer
(AMS Incorporated, American Falls, ID). After the soil core was removed, a 5 cm by 15
cm plastic clear liner was inserted into the hole the soil cores were removed from and
inserted to the 7.6 cm depth then pushed 2 cm deeper into the soil profile. Water was
added into the cylinder until the water level reached the top (15 cm) of the cylinder.
Water infiltration was measured by observing the time it took for the water to empty
cylinder.
Bulk density (g cm-3) was measured by removing two undisturbed 5 cm diameter
soil cores from 2 arbitrarily selected locations, from each plot at the depth of 7.6 cm on 7
Oct 2014 and 2 Oct 2015. In order to lift the cores containing turf and rootzone, an AMS
slide hammer was used to insert a stainless steel cylinder into the rootzone, and then, the
thatch and verdure were removed from the rootzone sample (Blake, 1965). Soil cores
were then dried in a forced air oven (Precision Science Company, Chicago, IL) for 48
hours at 105ºC. Bulk density was calculated by dividing dry soil core mass by the total
soil core volume.
To determine chlorophyll index (0-999), a FieldScout CM 1000 (Spectrum
Technologies, Plainfield, IL) chlorophyll meter was used every 14 and 28 days after each
treatment application (Mangiafico and Guillard, 2007). The CM1000 senses light at
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wavelengths of reflected red-edge (700 nm) and near infrared (840 nm) to estimate the
quantity of chlorophyll in leaves. The index of relative chlorophyll content was related to
the model (R750–800/R710–730) − 1, where R750–800 and R710–730 are reflectance in the near
infrared and red edge ranges, respectively (Gitelson et al., 2003). Three readings were
taken in arbitrarily selected locations per plot, which were then averaged together to get
an overall chlorophyll index of each individual plot. The readings were obtained by
holding the meter 1.5 m from turf canopy.
FieldScout TCM 500 NDVI Turf Color Meter (0 - 1) (Spectrum Technologies,
Plainfield, IL) quantified normalized difference vegetative index (NDVI) every 14 and 28
days after each treatment application. The NDVI turf color meter measures reflected light
from turfgrass in the red (660 nm) and near-infrared (850 nm) spectral bands. The results
are reported on a scale of 0 to 1. NDVI was assessed by taking three readings in
arbitrarily selected locations per plot during each assessment that were averaged together
to get an overall NDVI reading of each individual plot.
Thatch-mat depth (distance from green vegetation to the mat-soil line) was
measured by removing two 5 cm diameter soil cores from arbitrarily selected locations
from each plot at a depth of 7.6 cm, on 7 Oct 2014 and 2 Oct 2015. The soil cores were
then dried in a forced air oven for 48 h at 105ºC and weighed. After the roots and shoots
below the thatch layer were removed, using a ruler, the uncompressed thatch layer depth
was measured from 3 points on the soil core, and then, these three points were averaged
to find the overall thatch-mat depth for each plot. Measurements were taken from the top
of the turfgrass surface to the thatch layer base (cm). Using the method of loss on ignition
(LOI; Snyder and Cisar, 2000) to determine organic matter concentration, the soil cores
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were then placed in a muffle furnace (Blue M Electric Company, Blue Island, IL) for 3 h
at 550ºC. Remaining material was weighted and subtracted from the pre-furnace weight
to determine organic matter concentration as a percent by weight.
Volumetric water content (VWC; %) of the soil was measured at 3.8 and 7.6 cm
depth using a FieldScout TDR 300 soil moisture probe (Spectrum Technologies,
Plainfield, IL). Time domain reflectometer (TDR) sensors produce a high-frequency
voltage pulse that is transmitted and reflected along metal probes when inserted into the
soil, and the meter then converts the measured electrical signal into percent soil moisture
content. For the 3.8 cm assessments, measurements were collected 14 and 28 days after
each treatment application. For the 7.6 cm assessments, measurements were collected 14
and 28 days after each treatment application. At both depths, the VWC assessments were
collected at three arbitrarily selected locations per plot and averaged to obtain an overall
average for each depth of reading.
Ball roll distance (cm) was determined using a modified USGA stimpmeter and
was measured 14 days after each treatment (Gaussoin et at., 1995). The average distance
of three golf balls rolled in one direction and then re-rolled in the opposite direction was
determined for each plot.
Percent visual turfgrass recovery was visually estimated on a scale of 0 to 100%
(100 being holes were fully recovered). Recovery was rated 5, 8, 12, and 15 days after
treatment application.
Statistical Design and Analysis
Treatments were arranged in a randomized complete block design with three
replications. Treatment effects were evaluated using analysis of variance with GLIMMIX
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procedure in Statistical Analysis System (Version 9.3; SAS Institute Inc., Cary, NC). All
tests were performed at a significance level of 0.10. All P values for tests of differences
between least-squares means were adjusted with the use of the Shaffer-Simulated
method. This level was used to avoid type II errors that could occur due to the inherent
variability of the soil measurements (Atkinson et al., 2012; Weicko et al., 1993). No
significances were observed in Jun and Aug data, and no year by treatment interaction
occurred for any parameter measured; therefore, data collected over the 2-yr study were
pooled. No significances were observed in ball-roll data; therefore, no results will not be
displayed.
Results and Discussion
Canopy Characteristics
In Jul, 8 days after treatment (DAT), HT 1.27 + DI 2 and HT 1.27 had the lowest
percent recovery compared to HT 0.64, DI 5, and the control (Table 2.2). Hollow-tine
1.27 recovered to 90% while HT 0.64 and DI 5 recovered to 99% at 15 DAT. Overall,
HT 1.27 and HT 1.27 + DI 2 had the slowest percent recovery compared to DI and HT
0.64 treatments. Incorporating DI with HT did not reduce or increase recovery. Dryinjection and HT 0.64 treatments had similar percent recovery. This likely occurred due
to the surface area impacted by each treatment. Hollow-tine 1.27, HT 0.64, and DI
impacted 19.6%, 4.91%, and < 1% surface area, respectively. Landreth et al. (2008)
stated that tine diameter had the greatest effect on recovery time. With that being said, DI
and HT 0.64 treatments similar recovery time can likely be attributed to a similar
diameter of the hole created on the surface.
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In Jul, 14 DAT, HT 1.27 and HT 1.27 + DI 2 had a 7% lower chlorophyll index
compared to the control (Table 2.2). This supports the percent recovery data as HT 1.27
and HT 1.27 + DI 2 had a lower percent recovery at this date compared to the control. No
chlorophyll index differences were observed 28 DAT. The absence of differences in
chlorophyll index at 28 DAT may be attributed to all plots being fully recovered.
Volumetric Water Content (VWC)
At the 3.8 cm depth, 14 DAT in Jul, HT 1.27 had an 11% lower VWC compared
to the control and HT 0.64 treatment (Table 2.3). The control, with the exception of HT
0.64, had the highest VWC compared to all treatments. All DI treatments had a
significantly lower VWC than the control. By 28 DAT, the control had an 11% higher
VWC compared to HT 1.27 and DI 5 treatments.
At the 7.6 cm depth, 14 DAT in Jul, a similar trend was noted for the 3.8 cm
depth (Table 2.3). The control had the highest VWC compared to HT 1.27, HT 1.27 + DI,
and HT 0.64 + DI 2 treatments. At the 3.8 cm depth, no significant VWC reduction was
noticed when incorporating DI into HT treatments, but there was a significant reduction
at the 7.6 cm depth. The DI process creates a subsurface fracture while creating a 0.64 cm
surface hole; however, as the material goes into the rootzone profile, it expands creating a
sand column that extends up to a 12.6 cm depth. Comparing frequency of DI events at 14
DAT, no significant differences were noted; however, at 28 DAT, DI 5 had a 12% higher
VWC than HT 0.64 + DI 2.
At both depths measured, HT 1.27 was the most effective management practice
that consistently reduced VWC. Sorokovsky et al. (2007) observed a similar trend where
HTA treatments resulted in a lower VWC than the non-HTA treatment. Similarly,
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Rowland et al. (2009) found that HTA reduced VWC compared to verticutting plots on
an ultradwarf bermudagrass putting green.
Surface Firmness
At 28 DAT in Jul, HT 1.27 had a 10% softer surface relative to the control (Table
2.3). This is most likely due to HT 1.27 impacting the largest percentage of surface area;
however, HT 1.27 + DI 2 did not have a significantly softer surface, which could be a
product of the DI treatment applied after the HT 1.27 treatment. The DI treatment applied
following the HT 1.27 treatment possibly filled some of the aerification holes with sand
resulting in an increase in soil strength, which caused the surface to be firmer. Treatments
that included DI alone and DI + HT 0.64 were not different; therefore, resulting in a
firmer, faster putting surface compared to HT 1.27 treatments.
Several studies have evaluated HTA impact on surface firmness and found similar
results as reported in this study. McCarty et al. (2007) and Murphy et al. (1993) reported
that a creeping bentgrass (Agrostis stolonifera L.) putting green treated with HTA had
reduced surface firmness compared to STA. Atkinson et al. (2012) noted surface firmness
was 4% lower when impacting 25% compared to 15% surface area on a ultradwarf
bermudagrass putting green.
Water Infiltration
At 14 DAT in Jul, HT 1.27 had a 76% higher infiltration rate than the HT 0.64 +
DI 5 treatment (Table 2.4). Lower infiltration rates for control plots may be a reflection
of increased organic matter concentration and compaction associated with not receiving
any form of aerification over two years. Similar results report that HTA plots had greater
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infiltration rates compared to the control plots (Schmid et al., 2014; Sorokovsky et al.,
2007). The highest infiltration rate noted for the HT 1.27 treatment may be due to percent
surface area impacted and the physical removal of a soil core. Sorokovsky et al. (2007)
also observed after two years that WIC treatments performed by a HydroJect produced a
significantly higher infiltration rate than all other treatments with the exception of HTA
treatments. The HydroJect uses the same fracture technique as DI with the exception that
HydroJect does not have the ability to inject sand into the holes created. Green et al.
(2001) observed a similar trend as infiltration rates increased in plots that received WIC
and STA treatments compared to the control. Also, Green et al. (2001) noted that
HydroJect in the raised position compared to the lower position created the largest hole,
which caused the hole to remain open for a longer period of time resulting in increased
infiltration rates.
Brauen et al. (1998) speculated that over a period of time HTA may develop a
compaction layer below the tine depth penetration zone. The HTA treatments penetration
depth was 7.61 cm while that of the DI treatments was 12.6 cm. The DI technique creates
an aerification hole by injecting water into the ground just as the WIC does; however, DI
fills the holes with sand created by the high-pressure WIC. In Oct 2015, infiltration was
measured at the 10.6 cm depth to better understand the fracturing technique and its
influence on water infiltration deeper within the soil profile. At 10.6 cm, HT 0.64 + DI 4
and HT 0.64 + DI 2 treatments had a significantly higher infiltration rate than the control
(Table 2.5). The results did not indicate a compaction zone below the HT depth, but it did
confirm the need to for an aerification event since the control had a significantly lower
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infiltration rate. Future research is needed to further understand the DI fracturing
technique and its impact on water infiltration deeper into the rootzone.
Thatch-Mat Depth
Differences in thatch-mat depth were not observed. Similarly, McCarty et al.
(2007) did not detect differences after four HTA treatments. No differences in thatch-mat
depth at the conclusion of this study may be attributed to soil sample size (diameter) and
the number of samples collected per plot. Carrow et al. (1987) speculated that an accurate
thatch-mat depth determination may be difficult to determine as cultivation practices mix
sand or soil into the thatch-mat layer.
Organic Matter Concentration
At the conclusion of the study differences in organic matter concentration
between treatments were not observed (Table 2.6). Similarly, Schmid et al. (2014)
reported after two years that HTA, STA, and venting were not effective at reducing
organic matter concentrations on two creeping bentgrass putting green cultivars.
Sorokovsky et al. (2007) and Rowland et al. (2009) also reported HTA did not reduce
organic matter concentration compared to non-HTA treatments. Atkinson et al. (2012)
found that as the number of aerification events per year increased from one to three
organic matter concentration was reduced. McCarty et al. (2007) found that HTA
combined with verticutting and grooming reduced organic matter concentration more
than the control.
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Bulk Density
Differences in bulk density between treatments were not observed. The impact of
aerification practices on bulk density varies throughout literature. For example, Green et
al. (2001) did not observe significant changes in bulk density following STA and WIC
treatments on an annual bluegrass (Poa annua) putting green. However, Murphy and
Rieke (1994) found that WIC and HTA significantly lowered bulk density values.
Atkinson et al. (2012) reported as the number of HTA events increased per year, bulk
density was reduced by 5% compared to one aerification event per year. Researchers
have observed and speculated the improvements of bulk density might be short lived or
difficult to obtain consistent results (Murphy and Rieke, 1994; Lee, 1989; Roberts, 1975).
It is possible bulk density differences would have occurred if more samples per plot were
collected. Also, Green et al. (2001) speculated a long-term study would be needed to
change the soil volume requiring modifications in the soil texture resulting in differences
in the bulk density values.
Conclusion
Results indicate HT 1.27 was the most effective treatment at increasing water
infiltration and reducing VWC. Although the HT 1.27 treatment was effective at
improving soil physical properties, it caused the most damage to the putting surface. The
HT 0.64 and DI treatment caused minimum disruption to the putting greens surface;
however, they did not provide the same improvements to the soil physical properties as
the HT 1.27 treatment. The DI treatments did improve soil physical properties compared
to the control. It can be concluded that DI would be best utilized in combination with HT
1.27 or HT 0.64 to improve the soil physical properties; however, DI and HT 0.64 would
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the best combination that would cause minimum surface disruption while still improving
soil physical properties. Results suggest a need for an annual aerification event to take
place each growing season due to reduced water infiltration, and increased VWC in the
control treatment. A long-term research study is needed to better understand the effects of
DI on the soil physical properties, and research should be initiated to optimize spacing,
depth, timing, and effects of increased frequency. Further research should examine bulk
density, organic matter concentration, and water infiltration of the 7.61 to 12.6 cm depth
since DI injects material into this part of the soil profile.
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Table 2.1

Treatments implemented on a 'MS-Supreme' ultradwarf bermudagrass
putting green at the Mississippi State University golf course located in
Starkville, MS in 2014 and 2015.
Dry-injection¶

Treatment

Aerification†

Tine size‡

Control
HT 1.27
HT 0.64
DI 5§

–
HT
HT
–

–
1.27
0.64
–

–
–
–
5#

HT 1.27 + DI 2

HT

1.27

2

HT 0.64 + DI 5

HT

0.64

5

HT 0.64 + DI 4

HT

0.64

4

HT 0.64 + DI 2

HT

0.64

2

Frequency

§ Total number of applications over the 2-yr study period.
† All aerification (Hollow-tine) treatments were applied once a year on 2 Jul 2014 and 17
Jul 2015.
‡ Both 1.27 and 0.64 cm treatments were set to a depth of 7.62 cm with 2.54 cm spacing.
¶ Dry-injection nozzles were spaced at 7.62 cm and set to a 12.6 cm depth.
# Dry-injection treatments occurred on 3 Jun 2014, 2 Jul 2014, 8 Aug 2014, 6 Jun 2015,
and 17 Jul 2015.
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100 a

100 a¶
50 c
70 b
73 b
45 c
70 b
69 b

Control

HT 1.27

HT 0.64

DI 5#

HT 1.27 + DI 2

HT 0.64 + DI 5

HT 0.64 + DI 4

90 bc

92 ab

80 d

96 ab

93 ab

83 cd

100 a

(0–100)
12DAT

100 a

97 a

91 b

98 a

99 a

90 b

100 a

15DAT

270 ab

275 ab

267 b

273 ab

274 ab

263 b

284 a

286

297

284

292

301

282

300

(0–900)
14DAT
28DAT

Chlorophyll Index

0.752

0.754

0.740

0.750

0.746

0.738

0.749

14DAT

0.727

0.731

0.729

0.731

0.684

0.690

0.735

(0–1)
28DAT

NDVI†

HT 0.64 + DI 2
67 b
77 bc
89 bc
96 a
270 ab
284
0.744
0.727
‡
HT = Hollow-tine; DI = Dry-injection; 1.27 = 1.27 cm diameter tine; 0.64 = 0.64 cm diameter tine.
#
Values following DI represent the number of dry-injection applications over the 2 year study period. Dry-injection
applications occurred on 3 Jun 2014, 2 Jul 2014, 8 Aug 2014, 6 Jun 2015, and 17 Jul 2015.
§
DAT = days after treatment.
¶
Means within each column followed by the same letter are not significantly different according to the Shaffer-Simulated
test (P≤0.10).
†
NDVI = normalized difference vegetative index.

75 b-d

78 bc

62 d

83 b

82 b

67 cd

8DAT

5DAT§

----------------------- Recovery % --------------

Percent recovery, chlorophyll index, and normalized difference vegetative index in Jul on a 'MS-Supreme' ultradwarf
bermudagrass putting green following various aerification and dry-injection treatments at the Mississippi State
University golf course located in Starkville, MS in 2014 and 2015.

Treatment‡

Table 2.2
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‡

7.6 cm† depth
14DAT
28DAT
30.23 a
29.56 a
26.96 bc
27.20 b-d
28.63 ab
29.23 ab
27.66 a-c
27.96 a-c
26.30 bc
26.80 cd
24.46 a-c
26.86 cd
26.70 bc
26.96 b-d
25.20 c
24.93 d

TruFirm (cm)
14DAT
28DAT
1.14 a
1.13 b
1.21 a
1.25 a
1.21 a
1.17 ab
1.18 a
1.16 ab
1.17 a
1.20 ab
1.23 a
1.20 ab
1.18 a
1.15 ab
1.17 a
1.20 ab

#

HT = Hollow-tine; DI = Dry-Injection; 1.27 = 1.27 cm diameter tine; 0.64 = 0.64 cm diameter tine.
Values following DI represent the number of dry-injection applications over the 2 year study period. Dry-injection
treatments occurred on 3 Jun 2014, 2 Jul 2014, 8 Aug 2014, 6 Jun 2015, and 17 Jul 2015.
†
Depth of reading.
§
DAT = days after treatment.
¶
Means within each column followed by the same letter are not significantly different according to the ShafferSimulated test (P≤0.10).

‡

§

3.8 cm† depth
14DAT
28DAT
¶
25.16 a
24.70 a
22.56 c
22.10 c
24.78 ab
24.55 ab
23.28 bc
22.58 bc
23.28 bc
22.75 a-c
22.73 c
22.78 a-c
22.33 c
22.85 a-c
22.26 c
22.88 a-c

----------------------Volumetric Water Content % ------------------------

Volumetric water content (3.8 cm and 7.6 cm depths) and TruFirm (cm) collected in Jul on a 'MS-Supreme' ultradwarf
bermudagrass putting green following various aerification and dry-injection treatments at the Mississippi State
University golf course located in Starkville, MS in 2014 and 2015.

Treatment
Control
HT 1.27
HT 0.64
DI 5#
HT 1.27 + DI 2
HT 0.64 + DI 5
HT 0.64 + DI 4
HT 0.64 + DI 2

Table 2.3
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Table 2.4

Water infiltration (0–7.62 cm) (cm hr-1) in Jul on a 'MS Supreme’ ultradwarf
bermudagrass putting green following various aerification and dry-injection
treatments at the Mississippi State University golf course located in
Starkville, MS in 2014 and 2015.
Water infiltration rate (cm hr-1)

Treatment‡

14DAT§

Control
6.50 b¶
HT 1.27
25.83 a
HT 0.64
14.10 ab
†
DI 5
12.66 ab
HT 1.27 + DI 2
19.80 ab
HT 0.64 + DI 5
11.60 b
HT 0.64 + DI 4
13.80 ab
HT 0.64 + DI 2
16.60 ab
‡ HT =Hollow-tine; DI = Dry-injection; 1.27 = 1.27 cm tine diameter; 0.64 = 0.64 cm
tine diameter.
† Values following DI represent the number of dry-injection applications over the 2 year
study period. Dry-injection applications occurred on 3 Jun 2014, 2 Jul 2014, 8 Aug 2014,
6 Jun 2015, and 17 Jul 2015.
§ DAT = days after treatment.
¶ Means within each column followed by the same letter are not significantly different
according to the Shaffer-Simulated test (P≤0.10).
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Table 2.5

Water infiltration (7.62–10.1 cm depth) (cm hr-1) on 1 Oct 2015 on a 'MS
Supreme' ultradwarf bermudagrass putting green following various
aerification and dry-injection treatments at the Mississippi State University
golf course located in Starkville, MS in 2014 and 2015.
Water infiltration (cm hr-1)

Treatment†
1 Oct 2015‡
Control
144 b§
HT 1.27
196 ab
HT 0.64
171 ab
DI 5¶
211 ab
HT 1.27 + DI 2
192 ab
HT 0.64 + DI 5
178 ab
HT 0.64 + DI 4
260 a
HT 0.64 + DI 2
264 a
† HT = Hollow-tine; DI = Dry-injection; 1.27 = 1.27 cm tine diameter; 0.64 = 0.64 cm
tine diameter.
¶ Values following DI represent the number of dry-injection applications over the 2 year
study period. Dry-injection applications occurred on 3 Jun 2014, 2 Jul 2014, 8 Aug 2014,
6 Jun 2015, and 17 Jul 2015.
‡ Data was collected on 1 Oct 2015 following all treatment applications.
§ Means within each column followed by the same letter are not significantly different
according to the Shaffer-Simulated test (P≤0.10).
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Table 2.6

Organic matter concentration (%) collected on 2 Oct 2015 of 'MS-Supreme'
ultradwarf bermudagrass following various aerification and dry-injection
treatments at Mississippi State University Golf Course practice putting
green located in Starkville, MS in 2014 and 2015.
Organic matter concentration (%)

Treatment†

Year 2‡

Control
8.10
HT 1.27
8.00
HT 0.64
7.83
DI 5 ¶
7.95
HT 1.27 + DI 2
7.83
HT 0.64 + DI 5
7.69
HT 0.64 + DI 4
7.93
HT 0.64 + DI 2
8.17
† HT= Hollow-tine; DI = Dry-injection; 1.27 = 1.27 cm tine diameter; 0.64 = 0.64 cm
tine diameter.
¶ Values following DI represent the number of dry-injection applications over the 2 year
study period. Dry-injection applications occurred on 3 Jun 2014, 2 Jul 2014, 8 Aug 2014,
6 Jun 2015, and 17 Jul 2015.
‡ Data was collected in year 2 following all treatment applications.
§ Means within each column followed by the same letter are not significantly different
according to the Shaffer-Simulated test (P≤0.10).
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CHAPTER III
MAINTAINING SOIL PHYSICAL PROPERTIES IN ATHLETIC FIELDS USING
ALTERNATIVE TECHNOLOGY

Introduction
One key to a safe and successful athletic field is the quality of the soil physical
properties. Native soil and sand-based fields are the two most basic methods of
constructing athletic fields (Anderson et al., 2014). The majority of high school and
municipal athletic fields are typically constructed on native type soils, which may contain
a high amount of clay and silt resulting in high water holding capacity and poor drainage
(Henderson et al., 2005). The soil physical properties of a natural turf athletic field can
influence the playability, water infiltration, volumetric water content, compaction,
accumulation of thatch and thatch-mat, and the overall health of the turfgrass. For the
turfgrass playing surface to remain playable and safe, it must be durable enough to
withstand and recover quickly from the stress caused by sporting and nonsporting events
(Puhalla et al., 1999).
Athletic fields can become compacted due to traffic from various sporting events
and non-sporting events. Increase in compaction can reduce soil water infiltration (Akram
and Kemper, 1979), saturated hydraulic conductivity (Dawidowski and Koden, 1987),
and air movement, while increasing saturated water content (Libardi et al., 1982). The
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safety of the playing surface is also related to compaction, which causes a hard playing
surface increasing the risk of injury (Madison, 1971).
It is important to manage accumulating thatch and thatch-mat organic matter.
Thatch is a loose intermingled layer of dead and living stems and root that develops
between the zone of green vegetation and the soil surface (Beard, 1973; Waddington,
1992). Thatch-mat is usually brown in color and easily distinguishable at the upper
surface of the rootzone (Barton et al., 2009). Thatch and thatch-mat organic matter are
beneficial in athletic fields because it can reduced surface firmness, provide insulation
from environmental extremes, and improve resilience and wear tolerance of the turfgrass
surface (Brooks et al., 2004; McCarty et al., 2003; Waddington, 1992). Excessive thatch
and thatch-mat can reduced hydraulic conductive, lower water infiltration, reduce
tolerance to environmental extremes, and increase disease and insect problems (McCarty
et al., 2005, 2007). Thatch accumulation on athletic fields can be problematic because
low infiltration rates cause soil water contents to be elevated for extended periods of
time, resulting in increased damage to the playing surface following traffic (Barton et al.,
2009).
The goal of aerification is to relieve soil compaction, soften the playing surface,
increase water infiltration, minimize thatch accumulation, and promote recovery of turf
injury (Landry and Murphy, 2001). The most commonly used aerification techniques are
hollow-tine aerification (HTA) and solid-tine aerification (STA). Guertal et al. (2003)
suggest the best option to relieve compaction is deep-HTA. Henderson et al. (1990)
found that HTA decreased surface firmness in a laboratory study, but the effects were
less consistent in a field trial (Rogers and Waddington, 1990). Researchers have
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suggested consistent aerification at the same depth may create a compaction zone below
the depth of aerification (Brauen et al., 1998; Guertal et al., 2003). Canaway et al. (1986)
reported that STA increased water infiltration but HTA was more effective at increasing
water infiltration. Brauen et al. (1998) reported HTA was more effective than STA in
reducing thatch accumulation on a bentgrass (Agrostis L.) fairway. Barton et al. (2009)
found a combination of topdressing and HTA were most effective at reducing organic
matter on a mature stand of kikuyu grass (Pennisetem clandestinum). Other researchers
have observed no effect of HTA once or twice per year on bermudagrass thatch after four
growing seasons (Carrow et al., 1987).
Obtaining a high quality athletic field requires the utilization of well scheduled
cultural practices that minimize surface disruption while maintaining the integrity of soil
physical properties. Athletic field managers strive to implement a combination of cultural
practices that minimizes disruption to the playing surface but also promotes turf
recuperation from traffic. Traditional aerification programs can lead to extensive damage
to the playing surface, which results in prolonged recovery and fewer sporting events.
Research pertaining to the impact of aerification on soil physical properties on
athletic fields is limited. Furthermore, most research has been conducted on putting
greens, cool season grasses, and using traditional aerification methods. Dry-injection (DI)
cultivation is a process by which high-pressure water injections create holes into the
surface with sand and/or other amendments being drawn into the hole by the patented
vacuum created a burst of water (Bigelow and Soldat, 2013; Turgeon, 2012;). The
objective of this research was to determine the best combination of DI technology with a
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traditional HTA program to achieve minimal surface disruption without a compromise in
soil physical properties.
Materials and Methods
The research was conducted from 1 May to 31 Aug, 2014 and 2015, at the
Mississippi State University Practice football field in Starkville, MS (33º 27’ 57” N, 88º
47’ 38” W; Figure A.5). The practice football field was constructed in the mid-1970s and
was grassed with ‘Tifway’ hybrid bermudagrass (Cynodon dactylon x transvalensis). The
soil type was a native Oktibbeha soil (8 to 17 percent slopes, severely eroded), with the
practice field likely being disturbed via construction over its 45-year history. The soil has
been modified for several years following annual HTA, STA, and topdressings. The
research site received moderate traffic during the summer months due to being used for
football, baseball, and softball camps, and it was also used by other university sports
teams to conduct conditioning drills (Figure A.8). Plots were 3 by 1.8 m. Mowing
occurred 3x wk-1 at 2 cm using a Jacobson LF300 (Jacobson, A Textron Company,
Charlotte, NC). Plots were fertilized with a combination of Urea and Ammonium Nitrate
at 48.8 kg N ha-1 per month during the growing season. Irrigation was applied as needed
to prevent drought stress. Fungicides were applied as needed to control leaf spot
(Bipolaris spp.). An application of granular oxadiazon and a liquid prodiamine were
applied each year as a preemergent. An application of Monument (trifloxysulfuronsodium; Syngenta AG Basel, Switzerland) and ammonium sulfate (33-0-0) was applied
yearly for perennial ryegrass (Lolium perenne) removal.
Treatments included a combination of 1.27 cm diameter hollow-tines (HT) and DI
See Table 3.1 for complete treatment list; Figure A.6). The HT 1.27 cm tine size
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treatments were performed with a Toro Procore 648 (The Toro Company, Bloomington,
MN) with 2.5 cm spacing set to a depth of 7.6 cm. Cores were reincorporated into the
rootzone using a lawn leveler (Figure A.7). Hollow-tine treatments were applied once
each year (Jul) with 2.5 cm spacing set at a 7.6 cm depth. The DI treatments were
performed with a DryJect Maximus (DryJect Maximus, DryJect Incorporated, Hatboro,
PA) with 15.4 x 12.6 cm nozzle spacing, and treatments were applied at two different
depths of 12.6 cm and 24.4 cm. The DI treatments were injected with AS-45 topdressing
sand, which met USGA particle size recommendations for a topdressing and rootzone
mix sand according to the Tifton Physical Soil testing Laboratory (Tifton, GA; Figure
A.9)
Parameters evaluated included surface firmness, water infiltration rate (7.6 –10.4
cm depth), bulk density, chlorophyll index, normalized difference vegetative index
(NDVI), thatch-mat depth, organic matter concentration, volumetric water content (3.8
and 7.6 cm depth), and visual percent recovery.
After each treatment, surface firmness was measured every 14 and 28 days using
a USGA TruFirm Turf Firmness Meter (USGA, Far Hills, NJ). The TruFirm meter
measures the maximum penetrating depth of its hemisphere-shaped hammer into the
putting green surface. Firmness was measured using a single drop of the hammer in three
arbitrarily selected locations of each plot and averaged together to get the overall surface
firmness of each individual plot. The results were recorded as depth of penetration (cm)
with lower depth values indicating a firmer surface.
Following all treatment applications, water infiltration rates (cm hr-1) at the 7.6
cm depth was measured on 1 Oct 2015. Water infiltration rates were measured by
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removing two undisturbed 5 cm diameter soil cores from 2 arbitrarily selected locations
within each plot at the depth of 7.6 cm using an AMS slide hammer (AMS Incorporated,
American Falls, ID). After the soil core was removed, a 5 cm by 15 cm plastic clear liner
was inserted into the hole the soil cores were removed from and inserted to the 7.6 cm
depth then pushed 2 cm deeper into the soil profile. Water was added into the cylinder
until the water level reached the top (15 cm) of the cylinder. Water infiltration (cm hr-1)
was measured by observing the time it took for the water to empty cylinder.
Bulk density (g cm-3) was measured by removing two undisturbed 5 cm diameter
soil cores from 2 arbitrarily selected locations, from each plot at the depth of 7.6 cm on 7
Oct 2014 and 2 Oct 2015. In order to lift the cores containing turf and rootzone, an AMS
slide hammer was used to insert a stainless steel cylinder into the rootzone, and then, the
thatch and verdure were removed from the rootzone sample (Blake, 1965). Soil cores
were then dried in a forced air oven (Precision Science Company, Chicago, IL) for 48
hours at 105ºC. Bulk density was calculated by dividing dry soil core mass by the total
soil core volume.
To determine chlorophyll index (0-999), a FieldScout CM 1000 (Spectrum
Technologies, Plainfield, IL) chlorophyll meter was used every 14 and 28 days after each
treatment application (Mangiafico and Guillard, 2007). The CM1000 senses light at
wavelengths of reflected red-edge (700 nm) and near infrared (840 nm) to estimate the
quantity of chlorophyll in leaves. The index of relative chlorophyll content was related to
the model (R750–800/R710–730) − 1, where R750–800 and R710–730 are reflectance in the near
infrared and red edge ranges, respectively (Gitelson et al., 2003). Three readings were
taken in arbitrarily selected locations per plot, which were then averaged together to get
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an overall chlorophyll index of each individual plot. The readings were obtained by
holding the meter 1.5 m from turf canopy.
FieldScout TCM 500 NDVI Turf Color Meter (0 - 1) (Spectrum Technologies,
Plainfield, IL) quantified normalized difference vegetative index (NDVI) every 14 and 28
days after each treatment application. The NDVI turf color meter measures reflected light
from turfgrass in the red (660 nm) and near-infrared (850 nm) spectral bands. The results
are reported on a scale of 0 to 1. NDVI was assessed by taking three readings in
arbitrarily selected locations per plot during each assessment and averaged together to get
an overall NDVI reading of each individual plot
Thatch-mat depth (distance from green vegetation to the mat-soil line) was
measured by removing two 5.05 cm diameter soil cores from arbitrarily selected locations
from each plot at a depth of 7.62 cm on 7 Oct 2014 and 2 Oct 2015. The soil cores were
then dried in a forced air oven for 48 hours at 105ºC and weighed. After the roots and
shoots below the thatch layer were removed, using a ruler, the uncompressed thatch layer
depth was measured from 3 points on the soil core and then, averaged these three points
were averaged to find the overall thatch-mat depth for each plot. Measurements were
taken from the top of the turfgrass surface to the thatch layer base (cm). Using the
method of loss on ignition (LOI) to determine the organic matter concentration, the soil
cores were then placed in a muffle furnace (Blue M Electric Company, Blue Island, IL)
for 3 hours at 550ºC (Snyder and Cisar, 2000). Remaining material was weighted and
subtracted from the pre-furnace weight to determine organic matter concentration as a
percent by weight.
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Volumetric water content (VWC, %) of the soil was measured at 3.8 and 7.6 cm
depth using a FieldScout TDR 300 soil moisture probe (Spectrum Technologies,
Plainfield, IL). Time domain reflectometer (TDR) sensors produce a high-frequency
voltage pulse that is transmitted and reflected along metal probes when inserted into the
soil, and the meter then converts the measured electrical signal into percent soil moisture
content. For the 3.8 cm assessments, measurements were collected 14 and 28 days after
each treatment application. For the 7.6 cm assessments, measurements were collected 14
and 28 days after each treatment application. At both depths, the VWC assessments were
collected at three arbitrarily selected locations per plot and averaged to obtain an overall
average for each depth of reading.
Percent turfgrass recovery was visually estimated on a scale of 0 to 100% (100
being fully recovered). Recovery was rated 5, 8, 12, and 15 days after treatments
applications.
Statistical Design and Analysis
Treatments were arranged in a randomized complete block design with three
replications. Treatments effects were evaluated using analysis of variance with PROC
GLM in Statistical Analysis System (Version 9.3; SAS Institute Inc., Cary, NC). All test
were performed at a significance level of 0.10. This level was used to avoid type II errors
that could occur due to the inherent variability of the soil measurements (Atkinson et al.,
2012; Weicko et al., 1993).Treatment means were separated by Fishers protected least
significant difference (LSD) procedure in SAS. No significances were observed in Jun
and Aug data, and no year by treatment interaction occurred for any parameter measured;
therefore, data collected over the 2-yr study were pooled. No differences were observed
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in water infiltration rate (7.6–10.4 cm depth), chlorophyll index, and NDVI data,
therefore no results will be displayed.
Results and Discussion
Surface Firmness
In Jul, 14 DAT, HT and HT + DI 2 (24.4 cm depth) had a 13% softer surface
compared to DI 3 and DI 5 (12.6 cm depth) (Table 3.2). The control was significantly
firmer compared to HT and HT + DI 2 at the (24.4 cm depth). All plots that received HT
applications had a significantly softer surface compared to DI 5 (12.6 cm depth)
treatment. No significant differences were observed between treatments that received two
DI applications at the 12.6 cm and 24.4 cm depth. When comparing DI 4 (12.6 + 24.4 cm
depth) and HT + DI 4 (12.6 + 24.4 cm depth) there were no significant differences. Plots
that received DI 5 at the 24.4 cm depth were 8% softer than DI 5 at the 12.6 cm depth.
Results indicated that DI at the 12.6 cm depth increased surface firmness as
frequency increased; therefore, if an athletic field’s surface is too soft, DI applications at
a shallow depth can provide an increase in surface firmness. One of the main goals of
aerification practices on athletic fields is to reduce surface firmness to reduce the risk of
injury. A hard playing surface could lead to an increased risk of concussions. The results
also indicate that HT is an effective management practice for reducing surface firmness.
Some variance was observed from plot to plot, most likely from concentrated areas of
traffic and from the age of the field.
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Volumetric Water Content (3.8 and 7.6 cm depth)
At 14 DAT in Jul at the 3.8 cm depth, DI 4 (12.6 + 24.4 cm depth) had a 24%
higher VWC compared to the HT+ DI 4 (12.6 + 24.4 cm depth) treatment (Table 3.2).
Similarly, at 28 DAT in Jul, HT + DI 4 (12.6 + 24.4 cm depth) had a 30% lower VWC
compared to DI 4 (12.4 + 24.4 cm depth). The DI 2 (12.6 cm depth) and DI 2 (24.4 cm
depth) had a 22% and 31% higher VWC than the HT treatment, respectively. The DI 2
(24.4 cm depth) treatment had a significantly higher VWC compared to HT + DI 2 (24.4
cm depth).
At 28 DAT, at the 7.6 cm depth, similar trends were noted as the 3.8 cm depth
(Table 3.2). Athletic fields are expected to be playable shortly after rainfall events, which
is problematic since native soil athletic fields are prone to having a higher water holding
capacity and poor drainage due to low porosity (Henderson et al., 2005). Modifications to
the soil profile are required to improve drainage and reduce water holding capacity.
Results indicate incorporating a HTA into a DI application is an effective management
practice to lower VWC, which could prevent future cancellations or postponements of
events.
Bulk Density
At the conclusion of the study, HT and DI 2 (24.4 cm depth) were most effective
at lowering bulk density compared to the control and DI 5 (12.6 cm depth) treatments
(Table 3.3). The DI 2 (24.4 cm depth) treatment had a 9% lower bulk density value
compared to DI 2 (12.6 cm depth). When comparing DI 5 (12.6 cm depth) and DI 5 (24.4
cm depth) treatments, no differences were observed; however, DI 5 (12.6 cm depth) and
DI 5 (24.4 cm depth) had a significantly higher bulk density value when compared to DI
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2 (24.4 cm depth) treatment. Results indicate DI two times over a two year period at a
24.4 depth on a finer textured athletic field may be a viable option to relieve compaction.
Thatch-Mat Depth and Organic Matter Concentration
No differences in thatch-mat depth and organic matter concentration were
observed, which could be due to the age of the field and number samples collected per
plot. The field is 45 years old and has received HTA, STA, topdressing, and various
cultural practices for years. This might have caused variation in the soil make up to vary
per plot due to years of modifications from cultural practices. Difference might have been
detected if more than two samples were taken from each plot. Future research needs to
compare sand-based athletic fields to native based athletic fields and the effects of DI and
HTA practices on thatch-mat depth and organic matter concentration.
Percent Recovery
No significant differences were observed between treatments. This likely occurred
because of the 2 cm mowing height and ideal growing conditions that resulted in
vigorous growth. The aerification holes for DI treatments were almost unnoticeable
directly following application because of the dense turf canopy that covered the holes.
Dry-injection spacing was 15.4 cm x 12.6 cm, which impacted less than 1% of the
surface area. The HT treatments were slightly more noticeable due to impacting a larger
surface area (19.2%), but aerification holes were unnoticeable within five days. If data
would have been collected earlier differences may have been detected.
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Conclusion
Based on two growing seasons, DI or HT alone did not consistently result in soil
physical properties improvements, but a combination of both provided the best results.
Dry-injection at 24.4 cm depth two times over two growing season used in combination
with HT once each growing season were the most effective practices for reducing surface
firmness and bulk density. Results suggest DI is a viable tool that could be used to
achieve minimum surface disruption; however, it should be used in combination with
HTA to improve soil physical properties. Further investigation is needed on a sand-based
bermudagrass athletic fields and to understand the effects DI has on the soil physical
properties.

69

Table 3.1

Treatments implemented on a mature ‘Tifway’ bermudagrass athletic field
at the Mississippi State University practice football field located in
Starkville, MS in 2014 and 2015.

Dry-injection
Dry-injection Depth
Frequency
(cm)¶
Control
–
–
–
HT
HT
–
–
§
DI 2 (24.4)
2
24.4
–
24.4
DI 3 (24.4)
3
–
DI 5 (24.4)
5
24.4
–
DI 2 (12.6)
2
12.6
–
DI 3 (12.6)
3
12.6
–
DI 5 (12.6)
5
12.6
–
#
DI 4 (12.6 + 24.4)
4
12.6 + 24.4
–
HT + DI 2 (24.4)
HT
2
24.4
HT + DI 3 (24.4)
HT
3
24.4
#
HT + DI 4 (12.6 + 24.4)
HT
4
12.6 + 24.4
‡ HT=Hollow-tine; DI = Dry-injection cultivation.
†All aerification (Hollow-tine) treatments were applied once a year during 7 Jul 2014 and
17 Jul 2015.1.27 cm tines diameter and set to a depth of 7.62 cm with 2.54 cm spacing.
§ Total number of Dry-injection applications over the 2-yr study period. Dry-injection
treatments occurred on 3 Jun 2014, 2 Jul 2014, 8 Aug 2014, 6 Jun 2015, and 17 Jul 2015.
# Received two passes at two different depths.
¶ Dry-injection treatments nozzles were spaced at 15.4 x 12.6 cm and set to a 12.6 cm
and 24.4 cm depth.
Treatment‡

Aerification†
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TruFirm (cm) and volumetric water content (3.8 and 7.6 cm depths) collected in Jul on a mature ‘Tifway’
bermudagrass athletic field following various aerification and dry-injection treatments at the Mississippi State
University practice football field located in Starkville, MS in 2014 and 2015.

---------------------------Volumetric water content (%) ----------------TruFirm (cm)
3.8 cm§ depth
7.6 cm§ depth
†
#
Treatment
14DAT
14DAT
28DAT
28DAT
††
Control
1.61 c-e
9.41 d-e
9.21 b-d
9.18 c-e
HT ¶
1.80 a
8.36de
9.05 b-d
8.40de
‡
DI 2 (24.4)
1.66 b-e
10.48 bc
9.90 b
9.80 b-e
DI 3 (24.4)
1.62 c-e
8.10 e
8.58d
7.93e
DI 5 (24.4)
1.70 a-c
10.93 a-c
9.65 bc
11.11 a-c
DI 2 (12.6)
1.59 c-e
11.53ab
9.65 bc
10.46a -d
DI 3 (12.6)
1.56 de
10.13 b-d
9.98b
10.10b -e
a
DI 5 (12.6)
1.56 e
11.31 -c
9.26 b-d
9.85 b-e
DI 4 (12.6+24.4)
1.61 c-e
12.58a
11.08 a
12.51 a
b
HT + DI 2 (24.4)
1.78 ab
9.81 -e
8.81 cd
9.60b -e
HT + DI 3 (24.4)
1.69 a-d
10.23 b-d
9.21b -d
11.80ab
d
HT + DI 4 (12.6+24.4)
1.71 a-c
9.86 b-e
8.55
9.33 c-e
LSD0.10
0.050
2.007
1.032
2.349
† HT = Hollow-tine; DI = Dry-injection; 24.4 = 24.4 cm injection depth; 12.6 = 12.6 cm injection depth.
¶ HT; Hollow-tine; 1.27 cm tines diameter and set to a depth of 7.6 cm with 2.5 cm spacing. All Hollow-tine treatments were
applied once a year during 7 Jul 2014 and 17 Jul 2015.
‡ Total number of dry-injection applications over the 2-yr study period. Dry-injection treatments occurred on 3 Jun 2014, 2 Jul
2014, 8 Aug 2014, 6 Jun 2015, and 17 Jul 2015.
# DAT = days after treatment.
† † Values within a column followed by the same letter are not significantly different at P≤0.10. Treatment means were separated
by Fishers protected least significant difference (LSD).
§ Depth of reading.

Table 3.2
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Table 3.3

Bulk Density (g cm-3) was collected in Oct of 2014 and 2015 on a mature
‘Tifway’ bermudagrass athletic field following various aerification and dryinjection treatments at Mississippi State University practice football field
located Starkville, MS in 2014 and 2015.

Treatment†

Bulk density# (g cm-3)

Control

1.43 a¶

HT§

1.29 c-e

DI 2‡ (24.4)
1.22 e
DI 3 (24.4)
1.27 de
DI 5 (24.4)
1.33 a-d
DI 2 (12.6)
1.34 a-d
DI 3 (12.6)
1.38 a-c
DI 5 (12.6)
1.42 a
DI 4 (12.6 + 24.4)
1.31 b-e
HT + DI 2 (24.4)
1.38 a-c
HT + DI 3 (24.4)
1.41 ab
HT + DI 4 (12.6 + 24.4)
1.37 a-c
LSD0.10
0.1003
†
HT= Hollow-tine; DI= Dry-injection; 24.4= 24.4 cm injection depth; 12.6= 12.6 cm
injection depth.
§
HT; Hollow-tine; 1.27 cm tines diameter and set to a depth of 7.62 cm with 2.54 cm
spacing. All Hollow-tine treatments were applied once a year during 7 Jul 2014 and 17
Jul 2015.
‡
Total number of Dry-injection applications over the 2-yr study period. Dry-injection
treatments occurred on 3 Jun 2014, 2 Jul 2014, 8 Aug 2014, 6 Jun 2015, and 17 Jul 2015.
#
Data was collected on 7 Oct 2014 and 2 Oct 2015.
¶
. Values within a column followed by the same letter are not significantly different at
P≤0.10. Treatment means were separated by Fishers protected least significant difference
(LSD).
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CHAPTER IV
AN OVERVIEW OF PUTTING GREEN CULTURAL PRACTICES UTILIZED IN
THE SOUTHEASTERN UNITED STATES

A ten question survey was created and distributed in Sept 2015 to golf course
superintendents throughout the southeastern United States to better understand current
cultural practices most commonly utilized on putting greens. A total of 54 responses were
received from 11 different states.

The ten questions created for this survey are listed below.
1) Where is your facility located (please provide city/state and/or zip code) and what
type of putting green species and cultivar (if known) do you manage.
2) Which bests describes your current putting green rootzone mixture?








Push-up (native soil)
USGA spec. green
Sand-based with a gravel blanket that is not USGA spec.
California style greens construction
Sand capped push-up green
Native soil modified by years of topdressing
Unknown

3) How many times a year do you core (hollow-tine) aerify putting greens?






None
One
Two
Three
Four
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4) What diameter tine size do you most commonly use when core (hollow-tine)
aerifying putting greens?






1/4 inch
3/8 inch
1/2 inch
5/8 inch
3/4 inch

5) At what tine spacing do you most commonly use when core aerifying putting greens?





1 inch x 1 inch
1 inch x 2 inch
2 inch x 2 inch
2 inch x 3 inch

6) How many times a year do you vent (solid-tine, spike) your putting green?









None
Once
Twice
Three
Four
Five or more
Once every two years
Once every three years

7) How many times do you verticut putting greens during the growing season?
 Weekly
 Every two weeks
 Monthly
 Once a year
 Never
8) How many times do you topdress putting greens during the growing season?







Weekly
Every two weeks
Monthly
Only after aerification
Once a year
Never
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9) What other alternative technology do you use to control organic matter accumulation?






HydroJect
Slicing attachments for greensmower
DryJect
Spiking attachments for greensmower
Other

10) What range below best describes your annual maintenance budget?






<$300,000
$400,000 - $600,000
$600,000 - $800,000
$800,000 - $1,000,000
>$1,000,000
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Figure 4.1

Location of respondents to a survey created to better understand current
cultural practices most commonly utilized on putting greens.
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Figure 4.2

Putting green species commonly managed in the Southeastern United
States, reported by survey correspondents.

Figure 4.3

Putting green cultivars that are most common throughout the Southeastern
United States, reported by survey correspondents.
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Figure 4.4

Rootzone construction methods reported by the survey correspondents
throughout the Southeastern United States.

Figure 4.5

Core frequency, tine size, and tine spacing frequently utilized throughout
the Southeastern United States, reported by survey correspondents.
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Figure 4.6

The number of venting and verticutting applications to putting greens each
growing season used in the Southeastern United States, reported by survey
correspondents.
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Figure 4.7

Frequency putting greens are topdressed throughout the growing season
and the annual maintenance budget of various golf course throughout the
Southeastern United States, reported by survey correspondents.

Figure 4.8

Alternative cultural practices frequently employed on putting greens in the
Southeastern United States, reported by survey correspondents.
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Figure 4.9

The number of superintendents that core aerify once a year with the tine
spacing and tine diameter most commonly utilized by superintendents
throughout the Southeastern United States, reported by survey
correspondents.
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Figure 4.10

The number of superintendents that aerify twice a year and the tine spacing
and tine diameter most commonly utilized by superintendents throughout
the Southeastern United States, reported by survey correspondents.
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Figure 4.11

The number of superintendents that core aerify three times a year with the
tine spacing and tine diameter most commonly utilized by superintendents
throughout the Southeastern United States, reported by survey
correspondents.
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Figure 4.12

The number of superintendents that core aerify four times a year with the
tine spacing and tine diameter most commonly utilized by superintendents
throughout the Southeastern United States, reported by survey
correspondents.
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CHAPTER V
FINANCIAL IMPACT OF AERIFICATION ON GOLF COURSE TOTAL SALES

An economic summary of an anonymous private golf course located in the
Southeastern United States examined the impact of a single core (hollow-tine)
aerification event can have on the number of rounds played, golf shop sales, and total
income of a golf course. The golf course only used DryJect as there only aerification
method in 2014, while in 2015 only used core aerification method. The figures below
compare both years and their differences in total sales and rounds of golf during Jul.
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Figure 5.1

Monthly total sales from Jan to Jul in 2014 and 2015 of an anonymous
private golf course located in the Southeastern United States.
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Figure 5.2

Total sales in Jul 2014 and 2015 at an anonymous private golf course
located in the Southeastern United States.
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Figure 5.3

Total number of golf rounds played in Jul of 2014 and 2015 at an
anonymous private golf course located in the Southeastern United States.

Figure 5.4

Golf shop clothing and equipment sales in Jul 2014 and 2015 at an
anonymous private golf course located in the Southeastern United States.
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Figure 5.5

Golf shop total snack bar sales in Jul 2014 and 2015 at an anonymous
private golf course located in the Southeastern United States.
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SUPPLEMENTARY MATERIAL FOR GOLF COURSE AND ATHLETIC FIELD
STUDIES
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Figure A.1

Overview of practice putting green research plots at the Mississippi State
University golf course located in Starkville, MS.
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Figure A.2

Overview of dry-injection (left) treatment applications and sand columns
(right) created by dry-injection applications at the Mississippi State
University golf course practice putting green research plots.

Figure A.3

Overview of research plots at the Mississippi State University golf course
practice putting green research plots following 1.27 cm hollow-tine
aerification treatments.
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Figure A.4

Overview of AMS double-ring infiltrometer (left) measuring water
infiltration at the 0-7.6 cm depth and water infiltration rates (right) being
measured at the 7.6 – 10.4 cm depth at the Mississippi State University golf
course practice putting green research plots.
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Figure A.5

Overview of athletic field research plots at the Mississippi State University
practice football field located in Starkville, MS.
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Figure A.6

Dry-injection treatments being applied (left) and playing surface (right)
following dry-injection treatment applications at the Mississippi State
University practice football field research plots.

Figure A.7

Athletic field research plots following hollow-tine aerification treatments
(left) and cores being reincorporated (right) back into the rootzone with a
lawn lever at the Mississippi State University practice football field.
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Figure A.8

The athletic field research area at the Mississippi State University practice
football field was used throughout the two years of research for football,
softball, and baseball camps.
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Figure A.9

Physical analysis and particle size analysis of the sand that was utilized for
dry-injection treatment applications.
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APPENDIX B
ENVIRONMENTAL DATA

101

30

Percipitation (cm)

25
20

2014

15
2015

10
5
0

Month

Monthly total precipitation data for Starkville, MS during 2014 and 2015.
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Figure B.2

Monthly mean temperature data for Starkville, MS during 2014 and 2015.
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